Colostrum is a complex mixture of bioactives that promotes neonate growth. Recently, we have found by in vivo study that skimmed, sterilized, and concentrated bovine late colostrum (SCBLC), obtained from a Holstein herd on days 6-7 after parturition, had an ability to maintain intestinal integrity. In the present study we investigated effects of SCBLC on rat intestinal IEC-6 cell proliferation in vitro. A fraction containing s1-casein was found to have a robust stimulation effect as compared to other protein fractions from SCBLC and even the s1-casein fraction from milk from other Holstein herds. Furthermore, the SCBLC s1-casein molecule demonstrated not only slightly slower mobility on both SDS-and native-PAGE than other bovine milk s1-caseins, but also a peculiar conformation reminiscent of moltenglobule in the circular dichroism spectrum. These findings may be of relevant to the competence of SCBLC to preserve intestinal integrity.
Colostrum is the milk produced by female mammals during the first few days of giving birth. It is rich in immunoglobulins, growth factors, antimicrobial peptides such as lactoferrin, and a variety of other antimicrobial factors, including interferons, polymorphonuclear leukocytes, macrophages, and lymphocytes. 1) Colostrum and colostrum-derived peptides have been found to be useful in treating a wide variety of intestinal disorders, including inflammatory bowel disease, 2) nonsteroidal anti-inflammatory drug-induced gut injury, 3) viral gastroenteritis, 4, 5) and chemotherapyinduced mucositis. 6) Colostrum provides greater gastrointestinal growth than mature milk in newborn pigs 7) and newborn rats, 8) enabling the infant to absorb more nutritional value from the mother's diet earlier, and indirectly influencing overall growth rates. 9) Thus, colostrum consumption migth be beneficial to human health. However, the sale of early colostrum from cows within 5 d of parturition is banned by law in Japan. Recently, we reported that skimmed sterilized, concentrated bovine colostrum (SCBLC) from healthy lactating cows of a Holstein herd at 6-7 d post-parturition was effective at preventing and fostering early recovery from human rotavirus (HRV)-induced diarrhea in suckling mice, indicating the potential of SCBLC to be used as a prophylactic food additive against HRV infection.
10) We also observed that SCBLC stimulated the proliferation of immature epithelial cells in the intestinal crypt of the small intestine in mice when fed for 1 week.
11) Thereafter, with regard to indomethacin-induced enteropathy, both pre-feeding and postfeeding with SCBLC facilitated the growth of intestinal villi. 11) SCBLC inhibits the binding of norovirus-like particles to human intestinal Caco-2 cell. 12) Thus it might possesse the ability to maintain intestinal integrity, in which milk proteins are thought to play pivotal roles. 11) Milk protein is broadly divided into casein and whey. Casein, making up 80% of the proteins in bovine milk, consists mainly of three casein phosphoproteins, s-, -, and -casein.
13) All three caseins are amphiphilic 14, 15) and have distinct hydrophobic and hydrophilic regions. 16, 17) The main constituent of s-casein is composed of two unrelated proteins, s1-and s2-casein, that are present in a ratio of approximately 4:1 (w:w) in bovine milk.
18) The major portion of milk proteins, together with calcium phosphate, occurs in the form of large colloidal particles, casein micelles. 19, 20) Whey proteins consist largely of two proteins, -lactoglobulin and -lactalbumin. 10) In the present study, we examined the effect of SCBLC by the WST-1 method on the proliferation of rat intestinal epithelial IEC6-cells. The results indicate that a fraction containing s1-casein was the active ingredient in SCBLC in the stimulation of cell growth. Furthermore, we found that SCBLC s1-casein exhibited discrete molecular properties as compared with s1-casein in milk from different Holstein herds.
Materials and Methods
Preparation of casein and whey proteins from milk samples. Bovine milk was collected from healthy Holstein-Friesian cows held at the Gifu University Farm and maintained at À20 C until processing. Skimmed, sterilized (at 73 C for 15 s), and concentrated bovine late colostrum (SCBLC) was prepared in industrial amounts at facilities of y To whom correspondence should be addressed. Fax: +81-58-293-2926; E-mail: kanamaru@gifu-u.ac.jp Abbreviations: SCBLC, skimmed, sterilized, and concentrated bovine late colostrum; CD, circular dichroism; HIC, hydrophobic interaction chromatography Kobayashi Pharmaceutical Co., Ltd. This company is a distributor of SCBLC. The milk adjusted to pH 4.6 by the addition of 1 M HCl at room temperature, and then centrifuged at 12;000 Â g for 30 min at 25 C. The casein fraction was obtained as acid precipitate, and the whey fraction was obtained as the supernatant. Both caseins and whey proteins were dialyzed using a membrane with a molecular weight cutoff of 6,000-8,000 (Spectrum Laboratories, Rancho Dominguez, CA) against distilled water for 3 d at 4 C, and then lyophilized.
Cell line. The IEC-6 cell was purchased from the American Type Culture Collection (Rockville, MD). The cells were cultured with Dulbecco's Modified Eagle's Medium (ICN Biomedicals, Aurora, OH) supplemented with 10% fetal calf serum (FCS, Hyclone, Salt Lake City, UT), 0.1 mM nonessential amino acid, 0.05 mg/mL of penicillin, and 0.1 mg/mL of streptomycin (control culture medium) in an incubator with a humidified atmosphere and 5% CO 2 at 37 C. The cells were subcultured every 5 d with a medium change once. The cells used in this study were within the 50 th passage.
Cell proliferation assay (WST-1 method). Cells (1 Â 10 4 cells/mL, 100 mL/well) in the culture medium with 10% FCS were seeded into 96-well plates (NUNCÔ, Roskilde, Denmark), incubated for 24 h until the medium was replaced with the experimental medium (without FCS) containing the sample, and cultured at 37 C. The assay was done using a Cell Counting Kit (Wako Pure Chemical Industries, Tokyo) following the manufacturer's instructions. In this assay, the amount of formazam formed, reflecting lactate dehydrogenase activity, was measured. Briefly, after incubation for 24 h, the culture medium was aspirated from each well and replaced with the experimental medium. Each well was supplemented with 10 mL of WST-1 solution (5 mM WST-1, 20 mM HEPES, and 0.2 mM 1-methoxy phenazine methosulfate) and incubated for 2 h, and 100 mL of 0.1 M HCl solution was added. Then the absorbance of each well was determined at 460 nm.
Cell viability. For the assay, 50 mL of the washed trypsinized cell suspension was mixed with 50 mL of a 0.3% trypan blue solution, and the number of viable cells was determined using a hemocytometer.
Ion exchange chromatography. The SCBLC and mature milk casein fractions were separated by TSKgel Ether-5PW (Tosoh, Tokyo) connected with an AKTA explorer 10 system (GE Healthcare UK, Little Chalfont, UK). The column was equilibrated with 1.45 M ammonium sulfate-8 M urea-Tris buffer (pH 7.2) at a flow rate of 4 mL/min. The buffer system for the separation of casein was 1.45 M ammonium sulfate and 8 M urea-Tris buffer (pH 7.2). A starting buffer, containing 8 M urea-Tris buffer (pH 7.2), was used as eluting buffer. The protein was dissolved in the eluting buffer and 1 M dithiothreitol sample buffer. Peaks were monitored at 280 nm, and then 2 mL each of the s1-, -, -casein fractions was collected. The casein fraction was dialyzed using a membrane with a molecular weight cut-off of 6,000-8,000 (Spectrum Laboratories) against distilled water for 3 d at 4 C, and then lyophilized.
Native-PAGE. Native-PAGE was done using 15% polyacrylamide with 4.5 M urea gels on the mini PROTEAN II electrophoresis 3 cell (Bio-Rad, Hercules, CA) by the method of McLellan. 21) Proteins were dissolved in a 0.5 M Tris-HCl buffer, pH 6.8, containing 20% glycine and 0.5% (w/v) bromophenol sample buffer. A sample (10 mL) was then loaded onto the gel, which was run in a Tris-glycine buffer, pH 8.3, with 0.1% SDS. After electrophoresis, the gel was stained with Coomassie Brilliant Blue (CBB) R-250 (Funakoshi, Tokyo) to visualize the proteins.
SDS-PAGE. SDS-PAGE was done using 15% polyacrylamide precast gels on a mini PROTEAN II electrophoresis cell (Bio-Rad) by the method of Laemmli. 22) Proteins were dissolved in the 0.01 M HCl buffer pH 6.8, containing 20% glycine, 1% SDS, and 5 mM EDTA sample buffer with 5% -mercaptoethanol, and then heated for 5 min in boiling water. Samples (10 mL) were then loaded onto the gel, which was run in a Tris-glycine buffer pH 8.3 with 0.1% SDS. After electrophoresis, the gel was stained with CBB to visualize the proteins.
MALDI TOF/MS. The bands of SCBLC and mature milk s1-casein detected by CBB staining of SDS-polyacrylamide gel were excised, cut into small pieces, and subjected to in-gel digestion. They were destained with an acetonitrile/1 M NH 4 HCO 3 mixture, and then the gel pieces were dehydrated with acetonitrile/1 M NH 4 HCO 3 , dried by vacuum centrifugation, and rehydrated in a buffer containing 25 mM NH 4 HCO 3 and 1.1 units of trypsin (Sigma-Aldrich, St. Lous, MO). Following digestion for 17 h at 37 C, the peptides were extracted from the gel stepwise with 0.1% trifluoroacetic acid, a 0.1% trifluoroacetic acid/50% acetonitrile mixture, and 100% acetonitrile. Following digestion for 12 h at 37 C, the peptides were extracted from the gel stepwise with 0.1% trifluoroacetic acid, a 0.1% trifluoroacetic acid/ 50% acetonitrile mixture, and 100% acetonitrile. The pooled extract was concentrated by vacuum centrifugation and desalted by ZipTip m-C18 (Millipore, Billerica, MA). The extracted peptides were subjected to matrix-assisted laser-desorption ionization time of flight mass spectrometry (MALDI TOF/MS, Bruker Daltonics, Bremen, Germany). The MS data were analyzed using flex analysis software (Bruker Daltonics). Statistical analysis. Statistical analysis of differences was done by ANOVA, followed by Dunnett's multiple comparison test. A probability value of <5% was considered statistically significant.
Results and Discussion
Effects of casein and whey protein fractions from SCBLC on the IEC-6 cells Recently, we found by in vivo studies that SCBLC obtained from a Holstein herd on days 6-7 after parturition had the ability to maintain intestinal integrity. 11, 23) In the present study, we initially intended to clarify whether SCBLC plays any beneficial physiological role in vitro. For this purpose, we examined the effect of SCBLC on IEC-6 cell proliferation by WST-1 assay. Concentrations of 5 and 10 mg/mL of SCBLC significantly increased IEC-6 cell proliferation in a dose-dependent manner, as shown in Fig. 1A . On the other hand, no stimulative effect was observed for mature milk collected from healthy Holstein-Friesian cows (data not shown). We examined further the effects of casein and whey proteins fractionated from SCBLC on the proliferation of IEC-6 cells, as shown in Fig. 1B and C. The casein fraction from SCBLC significantly increased IEC-6 cell proliferation in a dose-dependent manner (Fig. 1B) , whereas the whey fraction from the same source was inactive at the same concentrations (Fig. 1C) . These results are consistent with the finding that the casein fraction from SCBLC increased both villus length and proliferation cell nuclear antigenpositive cell numbers in the small intestine of normal mice.
11) Bovine milk casein is a digestible protein containing several essential amino acids that is used as a nutrient source in many foods. 24) Bovine casein contains components that promote the growth of intestinal Peyer's patch cells and mouse spleen cells. 25) The results of this study are consistent with these previous findings.
Effects of the casein components of SCBLC on IEC-6 cell proliferation SCBLC casein was further fractionated by hydrophobic interaction chromatography (HIC) column, as shown in Fig. 2A . The casein fractions, -, -, and s1-casein, of SCBLC were examined for their effects on Casein was fractioned by ion exchange column chromatography. The column was equilibrated with 1.45 M ammonium sulfate and 8 M ureaTris buffer (pH 7.2). The flow rate was 4 mL/min, and the fraction was collected using 8 M urea-Tris buffer (pH 7.2). Peaks were monitored at 280 nm (A). Exponentially growing cells were treated with three concentrations (0.5, 1, and 3 mg/mL) of SCBLC -casein (B), -casein (C), and s1-casein (D). Cell proliferation was determined by WST-1 assay, and cell viability was determined as percentage of the corresponding control. Each bar represents means AE SD (n ¼ 4). Zero mg/mL was used as control. 10% FCS was used as positive control. No experimental medium contained FCS, except for 10% FCS as positive control.
Ã p < 0:05 as compared to the control cells.
IEC-6 cell proliferation, as shown in Fig. 2B , C, and D respectively. The -casein (Fig. 2B ) and -casein (Fig. 2C) fractions were nearly ineffective, and a low concentration (0.5 mg/mL) of s1-casein was ineffective as well (Fig. 2D) . However, higher concentration of 1 mg/mL and 3 mg/mL of the s1-casein fraction were significantly stimulative as to cell proliferation as compared to control. These results indicate that s1-casein was the only active ingredient in the SCBLC proteins as to the proliferation of IEC-6 cells.
Differences between s1-casein from SCBLC and the other milks
Because casein from SCBLC had promotive effects on mouse small intestinal tissue cells in vivo 11) whereas mature milk casein did not show any effects and s1-casein was indicated by the above experimental results as the active component of SCBLC (Figs. 1 and 2) , the molecular properties of s1-caseins from different sources were investigated comparatively. After the caseins from SCBLC and the milks from the other Holstein herds were fractionated by HIC column (see Fig. 2A for SCBLC casein; an almost identical fractionation profile was observed for the other caseins, data not shown), we examined effects of s1-casein from the various sources on IEC-6 cell proliferation (Fig. 3A and  B) . SCBLC s1-casein (at 1 and 3 mg/mL) significantly increased cell proliferation, in a concentration-dependent manner (Fig. 3A) , but mature milk s1-casein from the university's Holstein herd was ineffective (Fig. 3B) as compared to control. When studied with colostrum from the same university Holstein herd, almost the same result as that observed for mature milk was obtained (data not shown). It has been reported that bovine milk casein has neither inhibitory nor stimulatory effects on MDCK or Caco-2 cellular growth. 26) This is consistent Exponentially growing cells were treated with three concentrations (0.5, 1, and 3 mg/mL) mature milk s1-casein (A). Cell proliferation was determined by WST-1 assay, and cell viability was determined as percentage of the corresponding control. Each bar represents means AE SD (n ¼ 4). Zero mg/mL was used as control. 10% FCS was used as positive control. All experimental media did not contain FCS, except for 10% FCS as positive control.
Ã p < 0:05 as compared to the control cells. B, Electrophoretic mobility of SCBLC s1-casein and mature milk s1-casein was analyzed by SDS-PAGE (top) and Native-PAGE (bottom). C and D, CD spectra of SCBLC (solid line) and mature milk s1-casein (dotted line) were measured. Samples (0.3 mg/mL for C and 1 mg/mL for D) of SCBLC and mature milk s1-casein were dissolved in 0.02 M phosphate buffer at pH 6.82. The secondary structure of each sample was measured at wavelengths between 185 and 260 nm (C), and tertiary structure was measured at wavelengths between 260 and 320 nm (D) at 25 C.
with our results for the milks other than SCBLC, indicating that SCBLC s1-casein possesses unique molecular properties. We proceeded to compare the electrophoretic mobility of s1-casein on SDS-and native-PAGE between SCBCL and the other milks. As shown in Fig. 3B , electrophoretic mobility on SDS-PAGE (top) and native-PAGE (bottom) of s1-casein from SCBLC and the mature milk was not the same. It was observed that the former migrated slightly more slowly than the latter. Migration properties almost identical to the mature milk s1-casein were observed for various s1-caseins from colostrum and mature milks from another Holstein herds (data not shown). Bovine milk s1-Casein has different genetic variants, A, B, C, D, E, F, G, and H, according to Farrell et al. 27) The B variant is predominant in Bos taurus, as C is in Bos indicus and Bos grunniens.
13) s1-casein B, the reference protein for this family, 27) consists of 199 amino acid residues, Asp 7, Asn 8, Thr 5, Ser 8, SerP 8, Glu 25, Gln l4, Pro l7, Gly 9, Ala 9, Val 11, Met 5, Ile 11, Leu l7, Tyr l0, Phe 8, Lys l4, His 5, Trp 2, and Arg 6.
27) MALDI-TOF MS analysis after in-gel tryptic digestion (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site) resulted in an identical assignment of bovine s1-casein A, C, or D for the s1-caseins. In variant A, the Nterminal 15 amino acid residues are missing, indicating a large molecular structural difference from the other genetic variants. At residue 53, s1-casein C had Ala, while D had phosphorylated-threonine, and at residue 192 C had Gly, while D had Glu. Thus variant D has a much more anionic nature than variant C under alkaline conditions on electrophoresis. It might be, therefore, that the difference in genetic background accounts for the observed mobility difference. Unfortunately, we have not been able to access genetic information on cows studied in the present experiment. Thus further studies are needed to understand the electrophoretical mobility difference.
Finally, we investigated the conformational properties of SCBLC s1-casein by the CD spectrometer method. The spectra reflecting the secondary structure at wavelengths between 260 and 185 nm (sample concentration, 0.3 mg/mL) and those reflecting the tertiary structure at wavelengths between 260 and 320 nm (sample concentration, 1 mg/mL) were measured. As shown in Fig. 3C , the results indicated that the secondary structures of the two s1-caseins of SCBLC and the mature milk were almost identical (Fig. 3C) . The strongest band of bovine milk s1-casein measured at wavelengths 185-260 nm by CD spectrometer appeared near ¼ 204, 28) agreeing well with our results. Unexpectedly, however, SCBLC s1-casein exhibited a significantly different band near ¼ 280 nm as compared to the mature milk s1-casein, as shown in Fig. 3D . SCBLC s1-casein exhibited significantly weaker absorption minima than the mature milk s1-casein near ¼ 280 nm, indicating that it almost lost its tertiary conformation. It has been reported that the absorption band at ¼ 283 nm of s1-casein is to be attributed to tyrosine, and that tryptophan side chains may also contribute to it.
28) It might be that the conformation near those aromatic residues is different as between the two s1-casein molecules. A protein conformation loses its tertiary structure while holding the secondary structure is recognized as a moltenglobule state, and is typically observed as an intermediate during the folding of globular proteins.
29) It also has been detected for several partially unfolded proteins in heating and acid/alkaline environments. 29) Because SCBLC was processed under heating for sterilization (see ''Materials and Method'' above), we examined the electrophoretic properties of caseins in market milks manufactured under similar heating processes. Though this examination was preliminary, we obtained exactly the same electrophoretic behavior as those seen for s1-casein from the milks other than SCBLC (see Fig. 3B ), suggesting that heat processing can be excluded as a basis for the discrepancy among bovine milk s1-casein molecules. A difference in genetic background might underlie the conformational discrepancy observed between the s1-casein from different Holstein herds.
The present results indicate that the SCBLC fraction containing s1-casein with a peculiar conformation reminiscent of moltenglobule exhibits robust stimulation efficacy for rat intestinal epithelial IEC-6 cells. These findings may be relevant to the competence of SCBLC to preserve the intestinal integrity found in previous studies by our laboratory. 11, 23) 
